population growth rate can be measured. Nelson and Peek (1982) and Noon and Biles (1990) used this technique to evaluate life stage importance for elk (Cervus elaphus) and northern spotted owls (Strix occidentalis caurina).
A related approach is to use analytical sensitivity analysis (Caswell 1989 ) to calculate elasticity of A associated with each vital rate. Elasticity is defined as the proportional change in A with proportional changes in life stage parameters (Caswell 1989 ). Put simply, elasticity is the sensitivity of A standardized to a scale from 0 to 1; the higher the elasticity of a vital rate, the greater the proportionate effect on A. Because elasticities of individual elements of a population matrix sum to 1, comparisons among vital rates can be interpreted clearly (de Kroon et al.
1986, Groenendael et al. 1988).
The utility of this metric for judging the relative importance of life stages for management was illustrated by Crouse How this relation is affected by multiple sources of variation is little known. Brault and Caswell (1993) demonstrated how sensitivities can be weighted by variance and covariance of vital rates; results of the weighting suggested that inferences about life stage importance could change markedly when variance in vital rates is considered in tandem with traditional elasticity analysis. Other researchers (Gotelli 1991, Benton and Grant 1996) have calculated elasticities or surrogates for elasticities (Johnson et al. 1992 ) under extreme and changing environments. However, the typical assumption has been that elasticities accurately measured the effect of each vital rate on A under all environmental conditions.
Whether that assumption is true is largely unanswered. For example, how are elasticities affected by random variation in vital rates, by differences in the ranges of vital rates, by simultaneous, multiple changes across vital rates, and by inaccuracies in the estimation of the rates themselves? In this paper, we examine whether elasticities reliably index the relative effect of each vital rate on A under these conditions. We also use a simulation-based regression approach for directly evaluating vital rate effects on population growth, given simultaneous, disproportionate changes among all rates. This knowledge is critical to understanding the limitations of analytical sensitivity analysis in helping guide the recovery of threatened and endangered populations.
As a case example, we test a long-standing hypothesis about vital rate effects on population growth of greater prairie-chickens, a species whose populations are declining, scattered, and vulnerable to extirpation (Johnsgard 1973:277-284 
METHODS

Modeling Process
Our purpose for modeling was to place the prairie-chicken management hypothesis in a context that is typical for a sensitive species targeted for recovery, and to test the reliability of inferences for recovery that are commonly made from traditional elasticity analysis (e.g., Crouse et al. 1987 ). Specifically, we wanted to examine how well elasticities indexed each vital rate's effect on A under stochastic conditions; that is, when demographic data contain a moderate-to-high level of uncertainty in the point estimates due to sampling (measurement) and process (environmental) errors across space and time. These specifications are important because they describe a typical level of uncertainty and quality of data in which most recovery efforts are undertaken.
To meet these specifications, we: (1) gathered demographic data that could be used to estimate the lower and upper bounds on vital rates for greater prairie-chickens, including all possible variation in estimates in space and time (Table 1) ; (2) randomly selected values of each vital rate within their respective ranges and parameterized them in a Leslie matrix population model (Leslie 1945 (Leslie , 1948 ; (3) generated 1,000 replicates of the model, with each replicate representing a random combination of vital rates chosen from the specified bounds (Table 2) ; and (4) calculated A for each replicate (timeinvariant model, Gotelli 1991). Any distribution of random numbers for a given vital rate is possible, but as a first cut we chose each vital rate independently from a uniform probability distribution; this was in keeping with our goal of testing the reliability of elasticities under all potential combinations of vital rates. We then tested our hypothesis using 2 approaches. First, we calculated elasticity of A as- 
Vital Rates
Low and high values of vital rates were defined as the lowest and highest sample means that we found for any given year among the available studies (Table 1) . Some studies reported published sample means that encompassed multiple years only. We considered these data as well, and simply used whatever sample means were highest and lowest among all research that was available (Table 1) (Table 1) mates were collected under a variety of conditions and sampling methods, and thus include both sampling error and variation due to environmental effects in space and time. Data from studies of Attwater's greater prairie-chicken (T c. attwateri) were not considered due to the unique nature of these estimates as they apply specifically to 3 isolated, remnant populations of this subspecies in Texas (Peterson and Silvy 1996). Age-specific reproduction (Rx) was defined as the number of fertile eggs produced/female/ age class, not accounting for the probability of females surviving the previous year (Sx-_) for the opportunity to nest (Table 1) . To calculate Rx, we had to adjust fecundity, defined as the number of eggs/first clutch/breeding female/age class and number of eggs/second clutch/breeding female/age class (El and E2), by the proportion of female eggs in the population (PFE), the proportion of female eggs that are fertile (EF), the proportion of available females that produce a first clutch (PN1), and the proportion of available females, both nesting and nonnesting, that produce a second clutch (PN2):
R = [(E1)(PFE)(EF)(PN1)] + [(E2)(PFE)(EF)(PN2)].
To establish the range for clutch size (El and E2), we used generalized estimates of the lowest and highest sample means (Johnsgard 1973:297). We did so because most nesting studies did not or could not group nest samples reliably into categories of first nests versus renests when computing sample means, thus making it difficult to determine systematically the absolute range across all studies. To estimate the proportion of yearling females that produce a first clutch (PN1 at R1), we used sample means from other North American grouse (Table 1) 
Matrix Construction Each Leslie matrix was composed of randomly selected values of Rx and Sx. We parameterized these values using a post-birth pulse approach for females (Caswell 1989:12-15, Noon and Sauer 1992:443-450). Top row elements of such a matrix equal age-specific fertil-
ity (Fi), which we defined as the number of fertile female eggs/female/age class. Under a postbirth pulse model, Fi equals the product of (RX)(S_ l); elements on the sub-diagonal equal the probability of females surviving during the previous time step for the opportunity to nest (Pi-l), which equals S_1 under our modeling assumptions. Parameterization of vital rates into F, and Pi matrix elements, as described above, yielded the lower and upper bounded matrices (Table 2) .
Elasticity and Regression Analysis
Although most authors have calculated elasticities of matrix elements, we calculated instead the elasticities of vital rates comprising these elements ( 
RESULTS
Highest elasticity was associated with age 0 survival across the range of independently fluctuating vital rates (Fig. 1) . All 1,000 replicates had the highest elasticity associated with S,. Mean elasticity associated with So was higher (P < 0.01) than that associated with other agespecific estimates (Fig. 1) . Moreover, S( accounted for most of the variation in A (r2 0.95, Fig. 2a) . Within S, the combination of nest success and brood survival accounted for more variation in A than the composite of brood and post-brood survival or of nest success and post-brood survival (Figs. 2b-d) . Thus, A consistently was affected most by changes in So, and by nest success and brood survival within So, given the range and particular combinations of vital rates tested. The range and distribution of As associated with the replicates showed that these findings were robust to wide variation in population growth (Fig. 3) .
These results indicated strong agreement between the elasticity calculations and the regression analysis in identifying the vital rate having greatest effect on A. However, all other vital rates accounted for almost no variation in A, even though their associated elasticities ranged widely in value (Fig. 4) . For example, S1 and R1 had the second and third highest mean elasticities (Fig. 1 ), yet each accounted for minor amounts of variation in A (Sl, r2 = 0.0009; R1, r2 = 0.04). These minuscule r2 values were similar to those for vital rates having much lower mean elasticities (Fig. 4) . Site-and time-specific effects of life stages or vital rates on A will vary, however, according to the underlying probability distribution of values, as well as the covariance of these values among stages or rates (Caswell 1989 , van Tienderen 1995). Underlying distributions of vital rates, in combination with covariance among vital rates, reflect a variety of factors, including effects of density dependence. Our simulations assumed independence among vital rates or life stages. Because the underlying distributions and covariances of vital rates for prairie-chickens are unknown, a conservative assumption is that any combination of life stages during the first year can limit population growth, depending on the specific values that might occur. Further simulations that assume a variety of probability distributions, especially those that also mimic plausible types of density dependence, would provide further insight about potential effects of life stages and vital rates on A. Such simulations could easily be done under our modeling process. Brault and Caswell (1993) 
DISCUSSION
Utility of Modeling Process
Our analysis demonstrates the utility of our regression-based approach, which is complementary to traditional elasticity analysis. With randomization, the regression approach explicitly accounts for effects of both the sensitivity and the variance of vital rates in relation to changes in A. Elasticities also are evaluated across the range of vital rates using the same method of randomization. Our findings suggest that by using such randomization procedures, r2 and elasticity calculations provide complementary metrics for gaining insight about vital rate effects on A. These findings are especially important considering that calculation of both r2 values and elasticities under random conditions has rarely been adopted (but see Brault and Caswell [1993] for a similar approach).
Results of our modeling process also illustrate the potential weaknesses of elasticity calculations as a sole measure of the effect of each vital rate on A. Although the vital rate consistently associated with the highest elasticity (So) also accounted for the majority of variation in A, none of the other vital rates accounted for >4%, and only R1 accounted for >1%, even though elasticities for these rates ranged widely in value (Figs. 1 and 4) . Thus, if management relied exclusively on elasticity calculations to prioritize recovery efforts, one might assume that increasing the vital rates having second or third highest elasticity consistently would yield positive, non-linear changes in A (Caswell 1989 ). This was not true when variance in vital rates was considered, as was done through the regression analysis.
Limitations of sensitivity analysis stem from the fact that such calculations only measure the effect on A from small, one-at-time, proportional (or absolute) changes in single vital rates while holding all other vital rates constant (de Kroon et al. 1986 ). In the real world, vital rates change simultaneously, in different proportions, and across wide ranges. This is true in nature and under management. Effects of these latter characteristics on A can be evaluated with randomization and regression procedures that account for changes among vital rates that are simultaneous, stochastic, and that vary in proportion and range.
Effects of simultaneous, disproportionate changes among all vital rates on population growth also can be evaluated with other variance decomposition methods that are analogous to our regression approach. For example, Brault and Caswell (1993) demonstrated a technique similar to our regression approach, where sensitivities are weighted by variance and covariance of vital rates. Another analogue to our regression approach involves "Life Table Response Experiments" (LTRE, Caswell 1989: 139-151). While conceptually similar, LTRE uses contrasts between pre-determined matrices with rigid correlation structures, thereby making it somewhat less flexible than our approach. Through its use of sensitivity calculations, LTRE also assumes a linear response of population growth to changes in vital rates, a restrictive assumption that we avoid with our inclusion of non-linear regression.
Elasticity analyses that incorporate variation in vital rates and our regression approach depend on accurate estimates of the ranges or variances of vital rates, currently and under future management. The regression approach, in particular, may suffer from some of the variance problems identified for key factor analysis (Royama 1996) . Nonetheless, a vital rate having a wide range does not necessarily lead to a spurious r2, unless that range is due to a disproportionately high measurement error compared to other rates. If a high amount of measurement error is suspected, then a smaller range or variance should be examined to ensure that results of the regression analysis do not change substantially. As with vital rates having high measurement error, a vital rate that has U ..... .  I--------- Researchers could also use our modeling process to gain insight about the life stages most important to study, and to formulate more structured hypotheses and study designs, in much the same way that researchers have sug- 
MANAGEMENT IMPLICATIONS
Our results support population and habitat management for greater prairie-chickens that emphasizes high rates of nest success, brood survival, and post-brood survival. These stages encompass the first year of life that is associated with the highest elasticity of population growth and that accounts for most of the variation in population growth. Habitat needs for the 3 life stages should be defined for each local population through site-specific research. Sitespecific research may be especially important if prairie-chickens require a different type of habitat for each life stage.
Our analysis indicates that elasticities by themselves may not provide a robust index of each vital rate's effect on A. To ensure that results are reliable, we recommend that analytical sensitivity analysis be performed across the range of plausible vital rates, that simulations involve randomization of values within these ranges, and that elasticities be calculated in tandem with regression analysis to fully illuminate potential relations of vital rates with A. The modeling process used here illustrates this kind of evaluation, and provides a stronger basis for analyzing life stage importance as part of recovery efforts. This process could be strengthened further by simulating plausible types of density dependence and vital rate covariance that might exist for the species of interest.
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